Due to their high strength-to-weight and stiffness-to-weight ratios, composite materials are widely used in the aerospace industry. As a key factor for the placement process, the compaction force directly affects the product performance by changing the interlaminar bonding strength. Besides the magnitude of the interlaminar bonding strength, the uniformity degree of the bonding strength for each contact interface also affects the overall structural rigidity of laminates. This study is aimed at analyzing and optimizing the compaction force when using a rubber roller to produce a composite product with uniform interlaminar bonding strength. The amount in which the compaction force from a rubber roller on the current layer influences the bonding strength of the layers underneath is investigated, and methods for optimizing the interlaminar bonding strength are developed and experimentally demonstrated.
Introduction
Composite materials play an increasingly pivotal role in the aviation, marine, automobile, and other industrial fields, possessing advantages such as high strength, high modulus, light weight, and easy-to-mold large components. 1 As the dominant material in the 21st century, the usage of composite materials, especially fiber reinforced resin matrix composite material, has become an important indicator of the advanced degree of the product. 2 A significant recent example is the Boeing 787 aircraft, which is the world's first use of composite material wings and fuselage for a large commercial aircraft. Composite material usage within the aircraft accounts for 50% of its weight, and subsequently an improvement in fuel efficiency by 20% has been achieved. 3 The high cost of processing composite components is still the main obstacle, which restricts the large number application of composite material for various industrial components. 4 More than 70% of the cost of employing composite materials comes from the manufacturing process, so the introduction of low-cost manufacturing technologies is still the key issue, which needs to be solved during the development of the composite materials industry. 5 As a result, many low cost composite processing technologies have emerged, such as the resin transfer molding (RTM) technique, resin film infusion (RFI) molding technology, microwave curing technology, winding technology, placement technology, and many more. [6] [7] [8] [9] Among them, the automatic placement technology achieves the fabrication of composite parts with lowcost, high-performance, and high-efficiency, which is extremely useful in the manufacture of aerospace composite structures. 10, 11 The facilities of the automatic placement technology are normally uniting the machine tool with the placement technique, which make these special placement facilities suitable for some classes of composite parts. 12 At the same time, the accuracy of these manufacturing processes can be improved through external calibration techniques, such as the integration of laser based measurement equipment into the facility. 13 As an important branch of the automatic placement technology, robotic fiber placement (RFP) technology combines a robotic manipulator with the fiber placement unit, providing advantages for fabricating a composite component with large curvature, including precise thickness control, reduced material waste, real-time compaction force control, low porosity, and a wide range of fiber placement angles. 14, 15 Due to the new and additional benefits, a number of research efforts and verification works for RFP techniques have been conducted, especially for investigating the process parameters affecting the interlaminar bonding strength, which is an important inspection index for composite products. Ho¨rmann et al. 16 presented a numerical description of the radiative heat produced by an infrared emitter as a function of the position and orientation and power density of the emitter during an automated fiber placement process. After being combined with a 2D thermal model, it allowed the prediction of material temperatures during the process. This model allowed the optimization of processing speed and power output of the infrared emitter for different positions and orientations in order to obtain a constant laminate surface temperature. Tierney and Gillespie 17 presented and validated a model for predicting through-thickness heat transfer and bond strength development, based on intimate contact and healing at the ply interface. Process optimization could be performed by using the predictive control model. Through experiments, the bond strength development was found to be significantly affected by the fiber placement velocity, heat input, and roller pressures. Aized and Shirinzadeh 18 analyzed the RFP process parameters, such as hot gas torch temperature, fiber laying speed, and fiber compaction force. Subsequently, the fiber placement process was optimized using response surface method. Bendemra et al. 19 investigated the use of a force control unit to set and monitor the applied compaction force, the consistency of which could highly affect the quality of the composite material product. Within this study, the operational parameters of an automatic fiber placement technique were optimized. Results identified that low fluctuations could be achieved, indicating feasibility of the force control apparatus for automatic fiber placement. In summary, the mechanical performance of composite products is affected by compaction force, laying velocity, hot gas torch temperature, prepreg tow surface roughness, and many more. Compaction force, as a key factor for affecting the interlaminar bonding strength, should be investigated to enhance the mechanical performance of composite product. While lots of researchers have conducted research to improve or maintain consistency of the bonding process for two-layer composite structures, they have not paid much attention to the bonding process of multilayer structure laminate.
Using a steel roller is good for precise thickness control during the placement process due to the minimal deformation of the roller. However, the deformation of rubber roller provides more benefits than a steel roller. On the one hand, RFP technology is suitable for fabricating composite products with large curvature, and using of a rubber roller makes it much easier to match the surface geometry and reach every corner of the component. If a steel roller is used instead, the operation will generate a gap between the steel compaction roller and substrate when the radius of the steel roller is greater than that of the gap, as shown in Figure 1 . The result of this situation is that the tows in the gap area couldn't be touched or compressed successfully, so this area is out of control. Importantly, the bonding degree of this area may be insufficient, and the mechanical characteristic of the component may not be uniform. Changing to a different steel roller with different radius for special curve is a way of dealing with this problem. However, this approach is very inconvenient for the user in fabricating the component.
On the other hand, the deformation of rubber rollers is dependent upon the compaction force, and rollers with different elastic moduli will deform to different degrees, even under same compaction force. This deformation will expand the length of the contact area, which will improve the bonding degree.
In this work, a model to characterize the influence of the compaction force from a rubber roller and its effect for the layers underneath within a multi-layer composite structure is developed, based on analyzing the deformation of the rubber compaction roller. The theoretical analysis of rubber roller compaction force during RFP process is provided, including the RFP process analysis and the rubber roller deformation analysis. Based on the model of the multi-pass pressure range with triangular distributed manner, the equation for each layer compaction force is developed. Furthermore, the amplitude of the compaction force at each interface, as the key compaction factor for affecting the multi-layer interlaminar bonding strength, is analyzed in detail. If the consistency of hot gas torch temperature, laying velocity and other process parameters are assumed to be held constant, the equations of each layer placement for achieving uniform interlaminar bonding strength are derived. In addition, the results of the experimental study are reported for validating the optimization method.
Analysis of rubber roller compaction force during RFP process RFP system setup The RFP facility, as shown in Figure 2 , has been set up at the Robotics and Mechatronics Research Laboratory (RMRL), Department of Mechanical and Aerospace Engineering, Monash University. This apparatus combines a 6-DoF Yaskawa Motoman SK120 industrial robot manipulator with a fiber-processing head. The reachable space of this manipulator is from 896 to 2573 mm, and the maximum allowable pay load is 120 kg. 18 Between the placement head and the end-effector, a force/torque sensor unit is installed to measure the compaction force during the RFP process, which also can be used as a feedback device to check the real compaction force applied to the substrate surface.
RFP process analysis
A schematic diagram of the RFP process is shown in Figure 3 , 20 where it can be seen that four stages are performed on the composite prepreg tows during the RFP fabrication process, which are the guiding stage, cooling stage, heating stage, and compaction stage. At the beginning, the prepreg tows are led by the guiding roller from the creel cabinet to the placement area. After that, the prepreg tows are cooled by nitrogen gas in a cooling chamber to prevent the prepreg tows becoming stuck into the guide grooves. Then, the prepreg tows are heated by the hot gas torch to a tacky state, which will assist in the tow adhering to the substrate. 21 Finally, the heated prepreg tows are compressed by the compaction roller to eject any trapped air at the interface and to bond the tows with the substrate laminates. In other words, the placement process is actually the process of prepreg composite tows continually being bonded onto the surface of substrate laminates layer by layer.
Thermoset resins require another curing process after the RFP process, in which the intermediate product is cured in an autoclave to form a final product with the desired mechanical characteristics. 22 During this curing process, the intermediate product is sealed together with the mold in a vacuum bag, and placed in an autoclave to experience a process of heating, pressurizing, maintaining, cooling, and releasing the pressure in a vacuum (or non-vacuum) circumstance. The gas pressure applied to the tank is transferred to the composite material, then the fiber and resin share the pressure, which will have a significant impact on the resin flow and residual stress. 23 By providing a homogeneous temperature and uniform pressure inside the autoclave, composite parts with high-quality surface and internal properties can be formed.
The special fabrication process of the prepreg tows results in the composite tows having an irregular surface. Following Lee and Springer, the irregular composite surface can be represented by a surface consisting of a series of equally sized rectangles. 24 During the placement process, the prepreg tows are heated to a given temperature by the hot gas torch, and compressed by compaction roller, so the shape and geometry of the tow's surface will deform. Figure 4 illustrates the geometric representation of the interface between the prepreg tows and substrate surface prior to and after experiencing the force from compaction roller.
In Figure 4 , c 0 is the initial thickness of the prepreg tow, a 0 is the initial height of the rectangular element, a is the height of the element after experiencing compaction force, b 0 is the initial width of the rectangular element, b is the width of the element after experiencing compaction force, w 0 is the initial distance between two adjacent rectangular elements, w is the width of the element after experiencing compaction force.
The parameters w 0 , a 0 , and b 0 can be measured using random cross-section photomicrographs of sample prepreg tows. 25 Based on this model, the contact degree D c of this interface can be expressed geometrically by the following equation:
The volume V 0 of each rectangular element is constant during the placement process, which is given by Woo Il Lee and Springer.
Based on the resin matrix internal and external pressure balance theory and fluid mechanics, the contact degree can be expressed as follows:
where P app is the applied pressure from the compaction roller in the contact area, mf is the viscosity of the fiber matrix mixture in the processing temperature. t c is the time of pressure effect, which can be defined as follows:
where V is the laying velocity, l c is contact length between the compaction roller and the substrate. In summary, the compaction force variation from compaction roller will directly change the contact degree, which can be used to represent the interlaminar bonding strength of the intermediate thermoset composite product.
The deformation of the rubber compaction roller
In the placement process, compaction force is provided by the compaction cylinder of the RFP placement unit and through the rubber roller onto the prepreg tows. Figure 5 shows a placement area, which is formed by the rubber roller deformation under compaction force. The rubber roller is fabricated from silicone rubber. Because of the nonlinear characteristics of this material, the deformed shape of the compaction roller is irregular. The relationship between the roller deformation in the vertical direction and the distance below workpiece surface is shown in Figure 6 (a). The relationship between the compaction force with the distance below workpiece is shown in Figure 6 (b).
From Figure 6 (a), the Sum of Squares of the Difference (SSD) between the actual value and the value of the fitted curve can be calculated, which for the second-order fitting curve is 0.2263, and for the third-order fitting curve is 0.0173. A smaller SSD indicates a better fit, so the third-order curve has been chosen to fit the actual measurement data. From Figure 6 (b), it was found that a fifth-order polynomial was sufficient to accurately model the relationship between the compaction force and the distance below workpiece surface.
These relationships can be used to determine both the compaction force and roller deformation based upon the distance of the undeformed roller below the workpiece. For later experimentation, the force applied to the substrate surface is computed from the distance of the compaction roller below the workpiece surface. Thus, the distance is calculated from the required compaction force, which is then controlled during the laying operation, whilst the compaction force is monitored by the torque sensor.
Analysis of the compaction force
When the compaction force increases, the rubber compaction roller deformation increases, and the placement contact area will increase accordingly. During RFP process, the cross-sectional shape of the contact area between the deformed rubber compaction roller and substrate follows an arc, as shown in Figure 7 .
From Figure 7 , with the rubber roller deformed by the compaction force, the thickness of the prepreg tows becomes smaller. There are two contact areas, within which the rubber compaction roller contacts with the prepreg tows. Contact area 1 occurs where the rubber compaction roller approaches the prepreg tows, which is formed by the deformation of the rubber compaction roller. Contact area 2 appears when the compaction roller moves forward, which is formed by the deformation of the thickness of the prepreg tows. When the compaction force increases, L 1 (the length of contact area 1), the deformation of the prepreg tow thickness, and L 2 (the length of the contact area 2) all increase. Through measuring the thickness of tows, which are experiencing different force, tow thickness changes with load can be obtained. These properties have been measured using a Nikon ECLIPSE E200 optical microscope, and Figure 8 shows the curve of thickness variation with the compaction force.
From Figures 6(a) and 8, it can be seen that L 1 is several times larger than L 2 , hence it has been assumed that L 2 can be ignored in following actual calculations. Because the radius of the arc within contact area 1 is quite large, it has also been further simplified to be a straight line. Figure 9 shows the simplified deformation of the rubber roller and the prepreg tows during the placement process.
From Figure 9 , the length of the contact area L between the rubber compaction roller and substrate can be expressed as follows: 
where r is the radius of the compaction roller, h is the deformed height of the rubber compaction roller under the compaction force in the vertical direction, is the angle between the boundaries of the force affected area and the direction of the compaction force. During the laying process, the bottom of the rubber compaction roller withstands the friction and normal force from the substrate surface, where the friction force is horizontal and the direction of the normal force is vertical. The rolling action of the compaction roller is caused by the friction, and at the same time, the compaction force equals the normal force. The deformation around the bottom of the compaction roller is inconsistent, so the distribution of the normal force is not even. An approximation of the normal force distribution is shown in Figure 10 .
The force F equals the normal force, so we can obtain
where dl is the infinitesimal element of the contact area length, f is the distribution of the compaction force along the contact area between the compaction roller and prepreg tows. The placement process could be described by a plate, with a length L, which moves from the beginning to the end of the substrate under compaction force with a specific distribution.
Analysis of the multi-pass compaction pressure
Analysis of the compaction force distribution
During the RFP process for fabricating the multilayer composite laminate, the parameters for the top layer placement process do not only apply to the top layer, but also affect all the previously placed layers underneath. After keeping the hot gas torch temperature, laying velocity and other parameters all constant, the number of repetitions which each layer experiences the compaction force will make each interlaminar bonding degree different. So the magnitude of the interlaminar bonding strength for the top layer will be lower than the layers underneath. Khan et al. 24 performed an experiment, in which the same two-layer laminate experienced 1 to 3 times placement processes with the same process parameters. The result of this experiment verified that as the interface was subjected to repeated placement processes, a higher interlaminar bonding strength would be obtained. During the RFP process, the degree of uniformity of the interlaminar bonding strengths will affect the overall structural performance of the composite after the curing process. Thus, it is necessary to ensure that the interlaminar bonding strength of each interface is uniform before curing.
If the hot gas torch temperature, laying speed and other parameters are maintained to be constant, the interlaminar bonding strength of each interface can only be affected by the compaction force. It is assumed for this analysis that the laminate has n layers, which are numbered from bottom layer 1 to the top layer n. Because each layer experiences, the compaction process with a different number of times, the thickness of each layer is different, which reduces from the top to the bottom. From layer 1 to layer n, each interface has experienced 1 to n À 1 times compaction processes, thus the thickness of each layer has reduced at least once. Because the thickness deformation of layer is several times smaller than the deformation of rubber roller, the thickness of each layer could be given by an average thickness c. The compaction force affected area also gradually increases from top to the bottom, hence the pressure becomes gradually smaller. From equation (4) , the time of pressure affected for each layer will also increase by the growth of the length of the compaction force affected area. If the compaction force is evenly distributed, then the increasing degree of the time t c equals the reduction degree of the pressure, and the equation (3) could be modified as follows:
where F is the applied compaction force; A is the width of the tow, which is constant. The velocity of compaction roller affecting the compaction force to each interface's contact area is same. From this equation, the contact degree of each interface should be equal, which means that the contact degree does not have any relationship with the length of the contact area. A large number of experiments have been conducted to perform the analysis of this problem. This experiment consisted of placing five fresh tows gently layer by layer to form a five-layer laminate without applying any compaction force on the surface of each layer. The compaction force was only applied once onto the fifth layer of laminate. Because every layer's material is fresh, the size of each interface's rectangular element should be same. Finally, except the compaction force F, every parameter within equation (10) is the same for each interface. Thus, the contact degree of each layer only affected by this force. Because every layer should withstand the compaction force, the compaction force for each layer must be same. From equation (10), the interlaminar bonding strength of each interface should be same. But the result of this experiment shows the interlaminar bonding strength of each interface is different, which reduced from the top to the bottom, as shown in Figure 11 . The results of this experiment imply that the force F in equation (10) is different for each layer, and the value of the force does not equal the applied compaction force. Thus the increased contact length should affect the interlaminar bonding strength. This motivates the formulation of a modification to the contact degree equation to be suitable for calculating the interlaminar contact degree of the multi-layer laminate. 
Modeling the placement process
The compaction force affected length of various layers is shown in Figure 12 . From Figure 12 , the compaction force effected length of different layers could be simulated by a triangle form. I 1 stands for the first contact surface between layer 1 and layer 2, and I nÀ1 stand for the n À 1 contact surface between layer n À 1 and layer n. The compaction force affected length L n can be calculated using equation (6) , and the increment of each layer underneath can be analyzed as follows:
where is the angle between the boundary of the force affected area and the direction of the force, l n is the increment of force affected length of layer n À 1, which is caused by the layer n laying process, and c is the mean value thickness of each layer. The following relationships can therefore be written:
where L nÀ1 is the force affected length of layer n À 1. Based on these relationships, when laying the layer n, the force affected length and the compaction pressure of the m-th interlaminar contact surface can be calculated as follows:
where L n mþ1 is the force affected length, P n m is the compaction pressure for the interlaminar interface m, when experiencing the ðn À mÞ-th compaction force process, that is caused by the layer n placement process. From equations (9), (13) , and (14), the force affected area and compaction pressure may readily be calculated.
The compaction force distribution of the top layer is an approximate arc, thus the distribution can be modeled as such. The compaction force distribution of the underneath layer could also be modeled by an arc as well, where the radius will increase, the angle will reduce, and the center value of the force distribution will reduce along the vertical direction from top to bottom, as shown in Figure 13 .
Because every layer needs to withstand the compaction force, the compaction force for each interface is the same.
Therefore, the total area between the compaction force distribution curve and the layer surface remains equal across all the layers. With the increasing contact length of each interface underneath from top to bottom, the magnitude of the maximum compaction force at each layer will be reduced. Based on the rubber roller's deformation on the top layer, the compaction force amplitude at each interface can be analyzed as follows:
Thus,
From the equations above the height of each interface can be calculated. Because the height represents the amplitude of the compaction force, the actual amplitude of the compaction force will reduce with the height for same scale. Consequently, the compaction force amplitude for each layer can be calculated. Figure 14 shows key geometric parameters considered within this analysis. L t is the total effective length of the component, and dl c is the infinitesimal element of the compaction force amplitude affected contact area length. As shown in the figure, the point 1 is the start point of L t , and the point 2 is the end point of L t . At the first movement of the compaction roller, the roller moves down and contacts the substrate, and the rubber roller will be deformed and apply required compaction force to the substrate. Because of the inconsistent deformation of the rubber roller, point 1 withstands the amplitude of the compaction force caused by the maximum deformation. Then the compaction roller moves from the point 1 to point 2 to complete the placement process. During this period, each point within the L t will withstand the maximum amplitude compaction force. Further, each point also experiences the other smaller value force described by the compaction distribution. The amplitude is a more sensitive factor, which limits the maximum interlaminar bonding strength. Finally, the placement process will be described by a plate moving from the point 1 to point 2, with an even force distribution along the contact length dl c . The magnitude of the applying force equals the amplitude of compaction force from the rubber compaction roller. Thus the interlaminar contact degree can be calculated by equation (8) .
Calculation of each layer's compaction force
Ensuring processing efficiency, each layer only experiences once layup process during placement process. Therefore, the ðn À 1Þ-th interlaminar interface only experiences force F n once to reach the final contact degree, and the first interlaminar interface needs to experience n À 1 times forces (from F n to F 2 ) to reach the final contact degree. Because each placement is separate, each placement process will have an impact on the contact degree of the current and the interlaminar interfaces underneath. This can be modeled by the following equations:
where
is the contact degree of the first interface caused by the force, which is used to lay the m-th layer. a of the first layer, respectively, and w mÀ2 1 is the gap between the two adjacent elements, after the first layer experiencing the ðm À 2Þ-th laying process. F mÀ1 1 is the compaction force amplitude of interface 1 caused by the compaction force F m . Since the volume of each rectangular element is constant during the processing, the following may be written:
Supposing the placement process only leads to local changes in the particle resin element (that is the gap between two adjacent elements w ! 0), such that the overall length and width of the prepreg tow remain unchanged.
Let us also consider that, for the first top interface, the compaction force amplitude applied on the small plate is the applied compaction force F. Therefore, the compaction force imposed on the layers underneath could be calculated, which has the same changed degree with the deformed height reduction. Through the equations above, the force and contact degree of each placement process can be calculated. Thus the force, which is used to achieve the even contact degree of each interlaminar surface, can be calculated. For example, the force for laying the ðn À 1Þ-th layer can be calculated by the contact degree D c m nÀ2 caused by this force, using the following relationship:
where F nÀ1 is the force for laying the ðn À 1Þ-th layer.
Testing the multi-layer laminate interlaminar bonding strength
An RFP facility has been used to produce multiple specimens, then a layer by layer peeling process is conducted using a peel test platform to quantify the interlaminar bonding strength. The peeling force can be obtained from the peel test, which is used to characterize the interlaminar bonding strength of each interface.
Preparation for testing the interlaminar bonding strength
Material preparation. The composite material for this experiment is carbon/epoxy prepreg tow with the width of 3.175 mm, average tow thickness 0.125 mm, fiber volume 40%, and geometric ratio 0.35. From the photomicrograph shown in Figure 15 , the initial element height a 0 , length b 0 , and gap between two elements w 0 can be measured. Using the Nikon ECLIPSE E200 optical microscope, the cross-sectional photomicrograph of the prepreg tow could be obtained. The tow surface is uneven, thus, several random measurements were performed in order to obtain average values of these element. The resulting dimensions were a 0 being 22.4 mm, b 0 being 110.9 mm, and w 0 being 38.72 mm.
Experiment
condition and specimen fabrication. Experimentation was performed using the following steps to fabricate the specimen for analyzing the compaction force influence for the interlaminar bonding strength. First, the prepreg tows were removed from a freezer and left to return to room temperature for half hour to reach the isothermal condition. The hot gas torch temperature and laying velocity were set to be constant during the RFP process, such that the influence of the temperature and the time of experiencing compaction force for the interlaminar bonding strength, could be minimized and their effects on the results could be excluded. Every layer only experiences one-time compaction process during RFP placement process. Based on the above conditions, the fabricated specimen could be used to investigate the influence of compaction force affecting the interlaminar bonding strength. The specimen for analysis is a four-layer laminate with parallel placement layup. The experimental ambient temperature was 19 AE 2 C and humidity was 32 AE 3%. The placement velocity was set to 100 mm/s, and the resin viscosity of this prepreg tows was 7000P at the hot gas torch temperature of 45 C. Therefore, the required force for each lay-up could be calculated as 20 N for the first lay-up, 0.19 N for the second lay-up, 0.21 N for the third lay-up, and finally 20 N for the fourth lay-up. Figure 16 shows part of the test pieces, which are processed with the above experimental conditions.
Peel test for the interlaminar bonding strength
The peel test platform consists of Mini-Instron 5848 with 2 kN cell and a specially designed fixture, as shown in Figure 17 . The thickness of the wedge is 1.5 mm, which is used to peel each layer of the laminate at a 50 mm/min speed.
Figure18 shows the peeling result for each interface of a specimen with the compaction force held constant, and Table 1 shows the average peeling forces for each interface across several specimens created for this experiment.
With the same compaction force for each layer placement, the interlaminar bonding strength of the first interface was higher, which is experiencing the compaction process 3 times. The interlaminar bonding strength of the third interface is smaller than each underneath interface. Figure 19 shows each interface peeling result of the specimen with the optimized compaction force, and Table 2 shows the average peeling forces for each interface across several specimens using this methodology. Comparing these two figures and tables, the average peeling forces when using an equal compaction force from interface 1 to 3 are 11.55 N, 10.03 N, and 8.67 N, and the average peeling forces for the specimen using the calculated compaction forces from interface 1 to 3 are 9.07 N, 8.88 N, and 8.64 N. For the difference between top and bottom interface, it is 2.88 N using an equal compaction force, and 0.43 N using the calculated compaction force. Through the peeling test results, the interlaminar bonding strength of the specimen with optimized compaction force can be clearly seen to be more uniform than the specimen with unchanging compaction forces.
Conclusion
The use of a rubber roller has additional benefits compared to a steel roller, especially for fabricating components with large curvature. During the composite laminate RFP process, the compaction force affects not only the current interface, but also affects the interfaces at layers underneath the currently processed layer. The length affected by this compaction force increases from top to the bottom of the laminate with a triangular form.
The uneven compaction force distribution is caused by the inconsistent deformation of the rubber roller. For layers underneath, the key factor of the force for influencing the interlaminar bonding strength is not the applied force, but the amplitude of the compaction force, which is affected by the increased contact length. So the placement process could be described by a plate moving from the beginning to the end on top of the substrate, with an even force distribution along the contact length. The magnitude of the applied force on the plate equals the amplitude of the compaction force from the rubber roller.
After optimizing the compaction force of each layer in the principle of equal bonding strength, the uniformity of interlaminar bonding strength of each interface was improved. For thermoset resin prepreg composite material, the uniformity of the interlaminar bonding strength for the intermediate product will be improved through this optimized method. The ultimate goal is to improve the mechanical behavior of the final product after curing. In the future research, the relationships between the interlaminar bonding degree of the intermediate product with the mechanical behavior of the cured final product will be investigated. 
